Background
Lower limb length discrepancy (LLD), defined by unequal length of paired lower limbs, contributes to lower back pain, osteoarthritis of the hip, and stress fractures [1] [2] [3] . The Center for Disease Control and Prevention estimated that there were approximately 700 children born with LLD each year in US [4] . Patients may receive distraction osteogenesis treatment, in which an osteotomy is performed on the shorter limb, and mechanical force is applied to gradually distract the two halves of the bone during the healing process. This stretches the bone callus during healing to achieve desired limb length upon callus consolidation [5] .
The current correction devices are external fixators that leave unsightly scars and are prone to infection [6] . While recently developed intramedullary devices address many of the persistent issues with external lengthening devices, size limitations and potential damage to the bone growth plates make them impractical for use in children [7, 8] . The proposed research addresses an unmet need by developing a novel implantable extramedullary device for LLD correction that is targeted for pediatric use. The device will be implantable, submuscular, and fixed to the outside surface of the bone (extramedullary), thus allowing for use in children without concern for injury to the growth plates. The device's function will be similar to an external fixator; however, it will not require exposed hardware, which increases risk of infection, or muscle penetration from the pins, which causes pain. Additionally, the device incorporates real-time control of the distraction rate, reducing the risk of complications arising from fixed rate distraction such as premature consolidation and non-union of the callus. [9] [10] [11] .
The investigators of this study have previously designed and constructed a distraction mechanism prototype and test frame [10] . The current study aims to validate the real-time controller of the prototype.
Methods
A feedback controller was employed to provide real-time adaptive control of the distraction rate. The proposed control system monitors the distraction force using an embedded sixaxis force-torque sensor (not included in current prototype), and modulates the distraction rate based on these measurements. While an optimal modulation algorithm is currently being investigated, one example algorithm would actively increase the distraction rate of the device when the distraction force is relatively stable and decrease the distraction rate when the distraction force is increasing quickly. For instance, high force often indicates pain experienced by patients, so this proposed algorithm would seek to minimize the pain [11] . For the algorithms under consideration, the distraction rate is modulated as a function of the measured forces. As such, a distraction rate controller is required. In this case, a proportional-derivative (PD) controller was implemented, where the measured position and velocity error of the distraction motion is fed back to the motor to force the device to track the desired motion. The PD controller, in combination with a high-reduction drive-train, results in a stiff, non-back-drivable position controller -ideal for the long term, low speed distraction profile typical of these procedures.
Figure 1. Overview of the feedback controller
The feedback controller is incorporated into the previously designed distraction mechanism prototype. The distraction mechanism utilizes a telescopic structure driven by a ¼''-20 ASME threaded lead screw (Nook Industries, Inc., Cleveland, OH, USA). A two-piece clamp-style collar was attached to the lead screw, allowing for axial load transmission from the screw to the device housing (Climax Metal Products, Mentor, OH, USA). Between the shaft collar and device housing a steel thrust ball bearing was included to allow for smooth rotation of the lead screw under significant axial load (McMaster Carr, Elmhurst, IL, USA). Additionally, it was equipped with compact linear crossed-roller bearings (NB Corp., Ojiya City, JA) to mitigate the high contact and friction forces between the device's sliding components. Distraction of the prototype was driven by a 90 Watt DC motor with 28:1 planetary gear reducer (Maxon Motor, Sachseln, CH).
To evaluate the prototype and proposed controller, a test fixture was developed to allow for the loading and controlled distraction in an MTS uniaxial testing system (MTS Systems, Eden Prairie, MN, USA). The fixture and uniaxial testing system simulated the resistance force generated in the soft tissues and the callus. There was 20 mm offset between the prototype device's axis of distraction and the testing machine's axis of loading to simulate the offset between the lengthening device and the load axis of the bone [10] . The MTS machine was programmed to provide a realistic force profile and the load cell within the machine provided force data to the controller. 
Results
To verify the distraction rate modulation algorithm described above, the MTS machine was programmed such that during 30-minute distraction, the distraction force kept increasing at the ramp-up regions and kept relatively constant at the steady region. The device distracted a total of 8 mm with low speed in the ramp-up regions and with high speed in the steady region, as shown in Figure 3 . These results were consistent with the intended performance of the modulation algorithm. 
Interpretation
The test results demonstrate that the force modulation algorithm is capable of adjusting the distraction rate based on the measured force. Due to complexities and variations of lower limb physiology, the force response during limb lengthening process is highly variable. Experiments on animal limbs [13, 14] , clinical data analysis, and surgeon interviews will be conducted to construct reasonable force models during distraction, which would allow for the development of improved distraction rate modulation algorithms.
